To understand how information from different cortical areas is integrated and processed through the cortico-basal ganglia pathways, we used optogenetics to systematically stimulate the sensorimotor cortex and examined basal ganglia activity. We utilized Thy1-ChR2-YFP transgenic mice, in which channelrhodopsin 2 is robustly expressed in layer V pyramidal neurons. We applied light spots to the sensorimotor cortex in a grid pattern and examined neuronal responses in the globus pallidus (GP) and entopeduncular nucleus (EPN), which are the relay and output nuclei of the basal ganglia, respectively. Light stimulation typically induced a triphasic response composed of early excitation, inhibition, and late excitation in GP/ EPN neurons. Other response patterns lacking 1 or 2 of the components were also observed. The distribution of the cortical sites whose stimulation induced a triphasic response was confined, whereas stimulation of the large surrounding areas induced early and late excitation without inhibition. Our results suggest that cortical inputs to the GP/EPN are organized in a "local inhibitory and global excitatory" manner. Such organization seems to be the neuronal basis for information processing through the cortico-basal ganglia pathways, that is, releasing and terminating necessary information at an appropriate timing, while simultaneously suppressing other unnecessary information.
Introduction
The basal ganglia play a crucial role in controlling voluntary movements, and their dysfunction causes severe movement disorders, such as Parkinson's disease and dystonia (DeLong 1990; Obeso et al. 2000) . The basal ganglia receive inputs from a wide area of the cerebral cortex including motor-related areas and send processed information back to the original cortex via the thalamus (Alexander et al. 1986; Alexander and Crutcher 1990) . To understand the mechanism of control of voluntary movements by the basal ganglia, it is important to clarify how information originating from cortical areas is integrated and processed through the cortico-basal ganglia pathway. Electrical stimulation of the cerebral cortex, which mimics cortical excitation, typically induces a triphasic response composed of early excitation, inhibition, and late excitation in both the external and internal segments of the globus pallidus (GPe and GPi) in primates, which are also referred to as the globus pallidus (GP) and the entopeduncular nucleus (EPN) in rodents; these structures are the relay and output nuclei of the basal ganglia, respectively (Nambu et al. 2000; Chiken et al. 2008 Chiken et al. , 2015 Sano et al. 2013) . Each component of the cortically evoked responses in the GPe/GPi (GP/EPN) is mediated by a different basal ganglia pathway, that is, "early excitation" by the cortico-subthalamo (STN)-GPe/GPi (GP/EPN) pathway, "inhibition" by the corticostriato-GPe/GPi (GP/EPN) pathway, and "late excitation" by the cortico-striato-GPe (GP)-STN-GPe/GPi (GP/EPN) pathway (Maurice et al. 1999; Nambu et al. 2000; Kita et al. 2004; Tachibana et al. 2008) . Electrical stimulation also induces other response patterns that lack 1 or 2 of these components, suggesting that not all cortical sites uniformly send information to a single GPe/GPi (GP/EPN) neuron. However, how discrete sites in the cortical areas that exert excitatory or inhibitory effects on a single GPe/GPi (GP/EPN) neuron are distributed remains to be studied, because conventional electrical stimulation through implanted electrodes is not suitable for stimulating discrete multiple sites of the cerebral cortex. Recent developments in optogenetic tools have enabled us to stimulate a discrete population of neurons with light and to arbitrarily change the cortical stimulation sites. In the present study, we used Thy1-ChR2-YFP transgenic mice, in which channelrhodopsin 2 (ChR2) is robustly expressed in layer V pyramidal neurons (Arenkiel et al. 2007; Wang et al. 2007 ), for in vivo cortical mapping (Ayling et al. 2009; Hira et al. 2009; Lim et al. 2012) . We systemically applied a small light spot to the sensorimotor cortex in a grid pattern using a refined light stimulation system, and examined neuronal responses in the GP/EPN to investigate how discrete sites in cerebral cortical areas exert excitatory and/or inhibitory effects on individual GP/EPN neurons.
Methods

Animals
A total of 10 Thy1-ChR2-YFP transgenic mice (line 9, The Jackson Laboratory; 5 males and 5 females) older than 6 weeks were used in the present study. The experimental protocols were approved by the Institutional Animal Care and Use Committee of National Institutes of Natural Sciences, and all experiments were conducted according to the guidelines of the National Institutes of Health "Guide for Care and Use of Laboratory Animals". Before experiments, mice were handled daily to allow them to become familiar with the experimenters.
Surgery
Under general anesthesia with ketamine hydrochloride (100 mg/kg body weight, i.p.) and xylazine hydrochloride (5 mg/kg body weight, i.p.), each mouse underwent a surgical operation to painlessly fix its head in a stereotaxic frame. The skull was widely exposed, and the periosteum and blood on the skull were carefully removed. The exposed skull was completely covered with bone-adhesive resin (Bistite II; Tokuyama Dental) and acrylic resin (Unifast II; GC), and then a small polyacetal U-frame head holder was mounted and fixed with acrylic resin. After recovery from the first surgery (2 or 3 d later), under light anesthesia with ketamine hydrochloride (30-50 mg/kg, i.p.), the mouse was positioned in a stereotaxic apparatus with its head restrained using the U-frame head holder, and a large area of the anterior part of the skull over the right hemisphere was removed to access the sensorimotor cortex and GP/ EPN. After full recovery from the craniotomy, light or electrical stimulation and recording of neuronal responses were started.
Light Stimulation System
For optical stimulation, we refined the Multi-independent Light Stimulation System (MiLSS, Aska Company) (Sakai et al. 2013) , which was originally designed for in vitro slice experiments. This system consists of a conventional digital light processing (DLP) projector (MX514P, BenQ) and an upright microscope. We replaced the DLP projector with a brighter liquid crystal display (LCD) projector (EB-1960, EPSON) and the upright microscope with a stereo microscope (SZX7, Olympus) for in vivo experiments (Fig. 1A) . We also inserted a mechanical shutter (EN-609, COPAL) between the projector and the stereomicroscope to precisely control the timing of light stimulation. The white light from the projector (Fig. 1A1 ) was sent to the stereomicroscope (Fig. 1A2 ) through the shutter (Fig. 1A3) , and was focused on the surface of the mouse cerebral cortex (Fig. 1B, C) . The stereotaxic apparatus could be swiveled so that the light was projected perpendicularly to the cortical surface (Fig. 1A4 ). The size, shape, color, location, and intensity of light stimulation were controlled by a computer connected to the LCD projector, and a circular spot of white light (diameter, 1.0 mm; intensity, 8-12 mW/mm 2 ) was used. The opening and closing of the shutter were controlled by a transistor-transistor logic (TTL) pulse (duration, ≥5 ms) fed by a stimulator Nihonkohden) . The timing of light stimulation was monitored by a photodiode placed on the cortical surface. Light stimulation was applied every 1.4 s.
Recording of Cortical Activity Evoked by Cortical Light Stimulation
Two mice were used to assess the effects of cortical light stimulation on cortical neuronal activity. Each mouse was kept awake and quiet in the stereotaxic apparatus with its head restrained painlessly using the U-frame head holder. A glasscoated Elgiloy-alloy microelectrode (0.5-1.5 MΩ at 1 kHz) was obliquely inserted into the sensorimotor cortex (30°posteriorly from the vertical) using a hydraulic microdrive (Narishige) to record cortical activity (Fig. 1C) . Signals through the recording electrode were amplified (×10 000), filtered (0.3-5.0 kHz), monitored with an oscilloscope, and stored at 50 kHz on a computer for off-line analysis. Light stimulation was delivered through the light stimulation system described above. The location of the light spot was controlled by a computer, and the horizontal distance between the center of the light spot and the tip of the recording electrode was adjusted (Fig. 1C) . (1) was sent to a stereomicroscope (2) through a mechanical shutter (3) and was focused on the target. The stereotaxic apparatus was placed on a swivel system (4). B, Cortical stimulation spots (inset), their precise location in reference to bregma (left), and cortical maps of the primary motor (M1), secondary motor (M2), and primary sensory (S1) cortices (right) are shown. C, Experimental setup for cortical light stimulation and recording of cortical activity through an electrode inserted obliquely (30°posteriorly from the vertical). Cx, cortex. D, Cortical activity induced by light stimulation. A TTL pulse (top), light (diameter, 1.0 mm; intensity, 12 mW/mm 2 ;
Recording of GP/EPN Activity Evoked by Cortical Light and Electrical Stimulation
Ten mice were used to record GP/EPN neuronal activity in response to cortical light stimulation. To record single unit activity, using the hydraulic microdrive, a glass-coated Elgiloyalloy microelectrode (0.5-1.5 MΩ at 1 kHz) was inserted vertically into the sensorimotor area of the GP or EPN, which received inputs from the motor and sensory cortices (Chiken et al. , 2015 Sano et al. 2013) . Signals through the recording electrode were amplified (×10 000), filtered (0.3-5.0 kHz), and continuously monitored with an oscilloscope. The GP and EPN were identified by the depth profile and their firing characteristics. Unit activity was isolated and converted to digital pulses using a homemade time-amplitude window discriminator. Digital pulses sampled at 2 kHz and analog data sampled at 50 kHz were stored on a computer for off-line analysis. A rectangular area of 3 mm (medio-lateral; from 0.5 mm to 3.5 mm to the midline) × 4 mm (antero-posterior; from +2.5 mm to −1.5 mm relative to bregma) that covered the orofacial, forelimb, and hindlimb regions of the primary motor cortex (M1) and the primary sensory cortex (S1), and the secondary motor cortex (M2) was targeted for light stimulation (Fig. 1B) . A light spot was projected on the cortical surface (diameter, 1.0 mm; intensity, 12 mW/mm 2 ; duration, 10 ms; interstimulus intervals, 1.4 s) every 1 mm in a 3 × 4 grid pattern using the light stimulation system (Fig. 1B) .
For comparison, 2 mice were also used to record the responses of GP/EPN neurons to electrical stimulation of the sensorimotor cortex. Electrical stimulation (monophasic; strength, 50 μA; pulse width, 200 μs; inter-stimulus intervals, 1.4 s) was applied through bipolar stimulating electrodes consisting of a pair of Tefloncoated tungsten wires with a 50-μm diameter (tip distance, 300-400 μm) inserted in the forelimb and orofacial regions of the M1 (Chiken et al. , 2015 Sano et al. 2013 ).
Analysis of Neuronal Responses
Cortical and GP/EPN responses induced by cortical light/electrical stimulation were assessed by constructing peristimulus time histograms (PSTHs; bin width of 1 ms; 50 stimulus trials for cortical neurons; 100 stimulus trials for GP/EPN neurons). Cortical activity induced by light stimulation sometimes exhibited large deflections from baseline that may be composed of evoked local field potentials and/or population spikes of multiple neurons. After removing the deflections off-line, single or multi-neuronal firings were detected and converted to digital pulses using a software window discriminator to construct PSTHs. PSTHs for GP/EPN neurons were constructed on-line from recorded digitized spikes. The mean and standard deviation (SD) of the discharge rate during the 100-ms period preceding the onset of stimulation were calculated for each PSTH and considered the baseline activity. Activity changes in response to cortical stimulation (i.e., excitation and inhibition) were judged significant if the discharge rate reached a significance level of P < 0.05 (1-tailed t-test) during at least 2 consecutive bins (2 ms) in GP/EPN neurons or during at least 1 bin (1 ms) in cortical neurons (Nambu et al. 2000; Chiken et al. 2008 Chiken et al. , 2015 Tachibana et al. 2008; Chiken and Nambu 2013; Sano et al. 2013) . The latency of each component was defined as the time at which the first bin exceeded this level. The responses were judged to end when 2 consecutive bins fell below the significance level. The end point was determined as the time of the last bin exceeding this level. The amplitude of each component was defined as the difference between the number of spikes during significant changes and the number of spikes of baseline activity (i.e., the area of the response).
Contour Map of the Sensorimotor Cortex
The contribution of cortical sites to each response component (i.e., early excitation, inhibition, and late excitation) was analyzed by constructing a contour map for each GP/EPN neuron. Twelve PSTHs corresponding to the light stimulation of a 3 × 4 grid pattern were constructed. Neurons that exhibited a triphasic response composed of early excitation, inhibition, and late excitation to at least 1 of the 12 stimulating spots were used for further analysis. We defined the stimulation spot that induced a triphasic response with the largest amplitude of inhibition as "the best spot" ("light green filled circles" in Figs 2B and 3B). The amplitude of each response component was calculated in 12 PSTHs and plotted on a 3 × 4 grid pattern. A contour map was constructed by connecting the same amplitude in each response component. The contribution of cortical sites to each response component was further analyzed by plotting the amplitude of each response component against the distance from the "best spot". The distance was defined as the number of squares from "the best spot" in the 3 × 4 grid (see Fig. 4B , lower). The amplitude at each distance was averaged and expressed as the relative value of the amplitude at "the best spot".
Population contour maps of each response component were also constructed for GP and EPN neurons. The contour maps for each neuron were standardized by expressing response components as the relative amplitude to the maximum amplitude among all response components (early excitation, inhibition, and late excitation of 12 PSTHs), centered at "the best spot", and averaged among all GP or EPN neurons examined. Population contour maps were constructed by connecting the same amplitude. Peripheral areas in which 3 or fewer values were averaged were discarded.
Which cortical sites induced triphasic responses in GP and EPN neurons was also analyzed. Ratio of number of GP/EPN neurons showing a trihasic response to number of all GP/EPN neurons was plotted on a 3 × 4 grid pattern. A contour map was constructed by connecting the same ratio for the GP and EPN.
Histology
After the final recording, several sites of neuronal recording were marked by passing a cathodal DC current (15 μA for 20 s) through the recording electrodes. The mice were anesthetized deeply with sodium pentobarbital (80 mg/kg, i.p.), and perfused duration, 10 ms) detected by a photodiode (middle), and raw traces of cortical activity (bottom) are shown. Twenty consecutive traces are superimposed. Light illumination started 2.4 ms after the onset of the TTL pulse. E, A PSTH (50 trials; bin width, 1 ms) constructed from the data in Figure 1D transcardially with 0.1 M PB (pH 7.3) followed by 10% formalin in 0.1 M PB, and then 0.1 M PB containing 10% sucrose. The brains were removed immediately and saturated with the same buffer containing 30% sucrose. Frontal sections (40 μm) were cut with a freezing microtome, mounted onto gelatin-coated glass slides, stained with 0.5% cresyl violet, dehydrated, and coverslipped. The sections were observed under a light microscope, and the recording sites were reconstructed according to the lesions made by current injection and the traces of electrode tracks with reference to the mouse brain atlas (Franklin and Paxinos 2007) .
Results
Responses of Cortical Neurons to Light Stimulation
By using a refined light stimulation system, we first examined the response of cortical neurons (Fig. 1C-F) . The TTL pulse opened and closed the mechanical shutter rapidly (rise or fall time, i.e., the time from the beginning of open to full open or from the beginning of close to full close, ≤1 ms) with a 2.4-ms delay (TTL and Light in Fig. 1D ). Because the shutter had a minimum open time of 10 ms, a 5-ms TTL pulse precisely triggered a 10-ms duration of light stimulation. Light stimulation (diameter, 1.0 mm; intensity, 8 and 12 mW/mm 2 ; duration, 10 ms) successfully activated cortical neurons located within the circular light spot in all cases as shown in the raw data (Cx in Fig. 1D ) and PSTH (Fig. 1E) . The mean latency of cortical activity from light stimulation was 5.0 ± 1.9 ms (n = 10). We then examined the size of the cortical areas activated by the light spots (Fig. 1F) . Cortical neurons were strongly activated at the center of the light spot and at ±0.25 mm from the center. Excitation was reduced at ±0.5 mm, that is, at the border of the light spot, and no activation was observed at ±0.75 mm. Thus, the range of cortical areas activated by the light spot was confined to within the illumination range. Each light spot stimulated the cortical site roughly corresponding to the M2, M1, or S1 (Flanklin and Paxinos 2007), however some light spots were on the boundaries between the M2 and M1 and between the M1 and S1 (Fig. 1B) . When a light spot was applied to the M1, it occasionally induced muscle twitches in the orofacial, forelimb, or hindlimb. However, it was difficult to stimulate somatotopic details because of the large size of a light spot.
Responses of GP and EPN Neurons to Cortical Light Stimulation
Light stimulation of the sensorimotor cortex (diameter, 1.0 mm; intensity, 12 mW/mm 2 ; duration, 10 ms) typically induced a triphasic response composed of early excitation, inhibition, and late excitation (Fig. 1G) , nearly identical to the response observed with electrical stimulation (Fig. 1H ) in both GP and EPN neurons, except that the latency of each component was longer with light stimulation (Table 1 , cf., Chiken et al. 2008; Sano et al. 2013 ). Among GP and EPN neurons whose responses to cortical light stimulation were examined by constructing PSTHs corresponding to each stimulation spot in a 3 × 4 grid pattern, 82 GP and 43 EPN neurons that exhibited a triphasic response to at least 1 cortical spot were further analyzed (Figs 2 and 3) . Cortical light stimulation induced various response patterns in GP and EPN neurons, that is, a triphasic response composed of early excitation, inhibition, and late excitation; biphasic excitation; early excitation and inhibition; inhibition and late excitation; monophasic excitation; and monophasic inhibition ( Figs  2A and 3A) . The number of cortical spots whose stimulation induced a triphasic response was small (2.4 ± 1.7 spots for the GP; 1.8 ± 1.7 spots for the EPN), whereas stimulation of other spots induced early and/or late excitation without inhibition. We then examined the distribution of cortical spots that induced each component of the response by constructing contour maps (Figs 2B and 3B ). "The best spots" whose stimulation induced a triphasic response with the largest amplitude of inhibition are indicated by light green circles in Figures 2B and 3B. Cortical areas inducing early excitation, inhibition, and late excitation largely overlapped. However, a limited cortical area only in the vicinity of "the best spot" induced inhibition (Figs 2B and 3B, Inh), whereas a broader cortical area surrounding "the best spot" induced early excitation and late excitation with a large amplitude (Figs 2B and 3B, Early ex and Late ex) in both GP and EPN neurons.
This tendency was further examined quantitatively by analyzing the same 82 GP and 43 EPN neurons (Fig. 4) . The numbers of cortical spots that induced inhibition (3.7 ± 2.3 spots for the GP; 2.8 ± 1.7 spots for the EPN) were significantly smaller than the numbers of cortical spots that induced early excitation (7.1 ± 2.3 for the GP; 6.1 ± 2.3 for the EPN; 1-way ANOVA with Tukey's post hoc test, P < 0.001 for the GP and EPN) and late excitation (5.9 ± 2.9 for the GP; 7.7 ± 2.4 for the EPN; 1-way ANOVA with Tukey's post hoc test, P < 0.001 for the GP and EPN). We then plotted these numbers for each GP and EPN neuron as shown in Figure 4A . Most plots were V-shaped, that is, fewer cortical spots induced inhibition than early or late excitation, displaying the above mentioned tendency. Plots of the averaged amplitude of each response component against the distance from "the best spot" also reflected this tendency (Fig. 4B) . Light stimulation of "the best spot" ("distance 0" in the abscissa) induced inhibition in GP and EPN neurons, and its amplitude was abruptly reduced at "distance 1" (next to "the best spot") (25% for the GP; 20% for the EPN) (Fig. 4B) . On the other hand, the amplitudes of early and late excitation gradually decreased with increasing distance from "the best spot", that is, an amplitude of nearly half was still observed at "distance 2" (49% for the GP and 42% for the EPN in early excitation; 50% for the GP and 52% for the EPN in Amplitudes of cortically induced early excitation (Early ex), inhibition (Inh), and late excitation (Late ex) are plotted against the distance between the cortical stimulation spot and "the best spot". The distance was defined as the number of squares between the cortical stimulation spot (light green square) and "the best spot" (BS) (see lower). The amplitudes are expressed as the percentage of the amplitude at "the best spot" and averaged over GP/EPN neurons. C, Population contour maps of early excitation (Early ex), inhibition (Inh), and late excitation (Late ex) in GP and EPN neurons. Amplitudes were standardized for each neuron and then averaged.
Color maps in Late ex are applicable to Early ex. D, Contour maps indicating ratio of cortical sites inducing triphasic responses in GP and EPN neurons. late excitation). These distributions were also evident in the population contour maps (Fig. 4C) : Stimulation of only a confined cortical area induced inhibition, whereas stimulation of larger surrounding cortical areas induced early and late excitation in GP and EPN neurons. Finally, which cortical sites induced triphasic responses in GP and EPN neurons was analyzed (Fig. 4D) . Cortical sites inducing a triphasic response in GP and EPN neurons were located in the central part, which correspond to the M1 and S1 (Fig. 4D, GP and EPN) , while those in GP neurons extended to the medio-anterior parts, which correspond to the M2 (Fig. 4D, GP) . Thus, EPN neurons in the sensorimotor area received inputs mainly from the M1/S1, while GP neurons in the sensorimotor area received inputs from the M2 as well as from the M1/S1.
Locations of Recorded GP and EPN Neurons
Recording sites in the GP and EPN are shown in frontal sections with rectangles (Fig. 5) . Cortical stimulating spots that induced a triphasic response in an individual GP or EPN neuron are indicated by different colors and the corresponding locations inside the rectangle. GP neurons that responded to stimulation of the posterior cortex (green and dark green) were found in the dorsal part of the GP, whereas those that responded to stimulation of the anterior cortex (orange, red, and violet) were located in the ventrolateral part of the GP (Fig. 5A ). GP neurons with inputs from the M2 (orange and light violet) were located in the central part. Most EPN neurons responded to stimulation of the posterior and medial cortex (green and blue) and were found in the central part of the EPN, and a small number of EPN neurons responded to stimulation of the anterior cortex (orange and violet) and were located in the ventrolateral part of the EPN (Fig. 5B) .
Discussion
The present study revealed the following results: 1) Light stimulation of the sensorimotor cortex of Thy1-ChR2-YFP transgenic mice typically induced early excitation, inhibition, and late excitation in GP/EPN neurons. 2) Stimulation of only a confined cortical area induced inhibition, whereas stimulation of larger surrounding cortical areas induced early and late excitation in individual GP/EPN neurons. 3) Cortical stimulation sites and the responsive GP/EPN sites were topographically related.
Optogenetic Activation of Cortical Neurons in Thy1-ChR2-YFP Transgenic Mice
In the present study, we used Thy1-ChR2-YFP line 9 transgenic mice, in which ChR2-YFP is highly expressed in layer V pyramidal neurons (Arenkiel et al. 2007; Wang et al. 2007 ). Direct or transcranial light stimulation induces firing of cortical neurons and limb movements (Arenkiel et al. 2007; Ayling et al. 2009; Hira et al. 2009 ). We used a refined light stimulation system that can project light on arbitrary locations in an arbitrary pattern with an accurate timing. Compared to the original system for in vitro experiments (Sakai et al. 2013) , the refined system in the present study can deliver stronger light in in vivo experiments with more accurate timing. We carefully examined the local effects of light stimulation and showed that a circular light spot successfully induced cortical neuronal firing (Fig. 1D, E) . Cortical light stimulation also induced a triphasic response in GP/ EPN neurons that was nearly identical to the response induced by electrical stimulation of the cortex (Fig. 1G, H) . Latencies of response components evoked by light stimulation in GP/EPN neurons were 4-5 ms longer than those evoked by electrical 7.2 ± 2.1 7.9 ± 3.1 Amplitude (spikes) 107.0 ± 52.7 93. 5 ± 61.6 Inhibition Latency (ms) 16.5 ± 2.5 18.2 ± 2.9 Duration (ms) 6.7 ± 3.0 5.6 ± 3.6 Amplitude (spikes) 31.0 ± 20.1 21.4 ± 21.2 Late excitation Latency (ms) 27.5 ± 5.2 27.6 ± 4.9 Duration (ms) 26.9 ± 25.8 11.4 ± 11.3 Amplitude (spikes) 261.0 ± 288.0 108.0 ± 144.0
Values are mean ± SD.
Latency, duration, and amplitude of early excitation, inhibition, and late excitation induced by cortical light stimulation at "the best spot" are shown for GP and EPN neurons. stimulation . The difference can be explained by the latency of cortical activity induced by cortical light stimulation (5.0 ± 1.9 ms; Fig. 1D , E). This latency was shorter than that reported in a previous study (9.9 ms in Arenkiel et al. 2007) , probably because 1) the parameters for light stimulation, such as the intensity and size of a light spot, were different, and 2) neuronal activity was recorded in awake mice in the present study, as distinct from the previous study with general anesthesia.
"Local Inhibitory and Global Excitatory" Inputs from the Cortex to the GP/EPN
Cortical electrical stimulation induces a triphasic response composed of early excitation, inhibition, and late excitation in GP/EPN (GPe/GPi) neurons; these components are mediated by the cortico-STN-GP/EPN (GPe/GPi), cortico-striato-GP/EPN (GPe/ GPi), and cortico-striato-GP (GPe)-STN-GP/EPN (GPe/GPi) pathways, respectively (Maurice et al. 1999; Nambu et al. 2000; Kita et al. 2004; Tachibana et al. 2008) . In this study, we showed that cortical light stimulation also induced the same triphasic response, and each component seemed to be mediated by the same pathway. These responses in the GP/EPN are considered to be mediated by direct cortical inputs to the basal ganglia, not by the cortico-cortical and subsequent cortico-basal ganglia projections, because the cortical area activated by the light stimulation was confined and did not extend beyond the margin of the light spot (Fig. 1F) . The cortical areas whose stimulation induced early and/or late excitation in each GP/EPN neuron extended broadly in the sensorimotor cortex, whereas only stimulation of a confined cortical area in the vicinity of "the best spot" induced a triphasic response with early excitation, inhibition, and late excitation in each GP/EPN neuron (Figs 2-4) . These results suggest that information from global areas of the sensorimotor cortex (Cx n−1, n, n+1 in Fig. 6A ) is integrated and conveyed through the "global excitatory" cortico-STN-GP/EPN and cortico-striato-GP-STN-GP/EPN pathways (red lines in Fig. 6A ) to excite a local area of the GP/EPN (GP/EPN n in Fig. 6A ) for a certain period of time. On the other hand, information from a local area of the sensorimotor cortex (Cx n in Fig. 6A ) is conveyed through the "local inhibitory" cortico-striato-GP/EPN pathway (blue line in Fig. 6A ) to transiently suppress a local area of the GP/EPN (GP/ EPN n in Fig. 6A ) at a specific timing. The observations indicate convergent "local inhibitory and global excitatory" inputs from the cortex to the GP/EPN (Fig. 6A) . If we reasonably assume that this relation between cortical and GP/EPN neurons in Figure 6A is repeatedly represented, a local area of sensorimotor cortex (Cx n in Fig. 6B ) would exert inhibitory effects on a local area of the GP/EPN neuron (GP/EPN n in Fig. 6B ) through the "local inhibitory" cortico-striato-GP/EPN pathway (blue line in Fig. 6B ) and excitatory effects on global areas of the GP/EPN (GP/EPN n−1, n, n+1 in Fig. 6B ) through the "global excitatory" cortico-STN-GP/EPN and cortico-striato-GP-STN-GP/EPN pathways (red lines in Fig. 6B ), creating divergent "local inhibitory and global excitatory" inputs from the cortex to the GP/EPN (Fig. 6B ) (for proof, see Appendix). Previous anatomical studies suggested the "center-surround" organization similar to the model shown in Figure 6B by demonstrating that STN-GPe/GPi projections send axons to a large number of GPe/GPi neurons in a uniform manner, whereas striato-GPe/GPi projections send axons to selected sets of the same GPe/GPi neurons in monkeys (Hazrati and Parent 1992b, c; Mink 1996) . Our present study has electrophysiologically confirmed, for the first time, both convergent ( Fig. 6A) and divergent ( Fig. 6B ) "local inhibitory and global excitatory" inputs from the cortex to the GP/EPN (GPe/GPi). The cortical area whose stimulation induced inhibition in the GP/EPN was confined in the small area, whereas that inducing early and late excitation extended broadly to other somatotopic representations and/or other cortices (Figs 2B, 3B, and 4C). As it was difficult to stimulate somatotopic details in this study, the detailed relationship between somatotopic representations and induced response patterns remains to be studied.
Anatomical Basis of the "Local Inhibitory and Global Excitatory" Inputs from the Cortex to the GP/EPN (GPe/GPi) Information processing through the net inhibitory cortico-striato-GP/EPN (GPe/GPi) pathway seems to maintain specificity. The somatosensory and motor cortices project to the striatum in a somatotopic manner, and information from different body parts terminates in distinct areas of the striatum without overlapping in rodents (Alloway et al. 2000; Hoover et al. 2003) and primates Graybiel 1991, 1993; Inase et al. 1999 ). In addition, striato-GPe/GPi projections also maintain very precise topographical organization without convergence: Axons of striatal neurons from 2 small adjacent populations do not converge on the same GPe/GPi neurons, but instead project to several distinct subsets of GPe/GPi neurons (Hazrati and Parent information from Cxn−1, n, n+1 is integrated and conveyed through the "global excitatory" Cx-subthalamo (STN)-GP/EPN (GPe/GPi) and Cx-striato (Str)-GP (GPe)-STN-GP/EPN (GPe/GPi) pathways (red lines) to excite GP/EPN n (GPe/GPi n ), while information from Cx n is conveyed through the "local inhibitory" Cx-Str-GP/EPN (GPe/GPi) pathway (blue line) to transiently suppress GP/EPN n (GPe/GPi n ). B, Cx n would exert inhibitory effects on GP/EPN n (GPe/GPi n ) through the "local inhibitory" pathway (blue line) and excitatory effects on GP/EPNn−1, n, n+1 (GPe/GPin−1, n, n+1) through the "global excitatory" pathways (red lines).
1992a). On the other hand, anatomical data imply convergence of functionally segregated information through the net excitatory cortico-STN-GP/EPN (GPe/GPi) and cortico-striato-GP (GPe)-STN-GP/EPN (GPe/GPi) pathways. A high degree of convergence exists between cortico-STN projections from functionally diverse cortical areas in rodents (Kolomiets et al. 2001 ) and primates (Nambu 2011; Haynes and Haber 2013) . Inputs from functionally segregated GP areas converge on a single STN neuron in rats (Bevan et al. 1997) . STN neurons have large dendritic fields in rats (1 000 × 600 × 300 μm; Hammond and Yelink 1983) and primates (1 200 × 600 × 300 μm; Yelnik and Percheron 1979), which cover most areas of the STN in rats and one-fifth of the STN in monkeys. These observations suggest highly convergent inputs and a rough overlapping somatotopy in the STN. The differential patterns of striatal and STN fibers in the GPe/GPi discussed in the previous section also support the different convergence between striato-GP/EPN and STN-GP/EPN projections.
Functional Considerations
We would like to discuss the divergent "local inhibitory and global excitatory" inputs from the cortex to the EPN (GPi) (Fig. 6B ). Suppose that Cx n is excited. The Cx n activation excites, inhibits, and excites EPN n (GPi n ) at the target center through the excitatory cortico-STN-EPN (GPi) "hyperdirect" (Nambu et al. 2002) , inhibitory cortico-striato-EPN (GPi) "direct", and excitatory cortico-striato-GP (GPe)-STN-EPN (GPi) "indirect" pathways, respectively. The Cx n activation also excites EPN n−1 and EPN n+1 (GPi n−1 and GPi n+1 ) in the surrounding area through the excitatory "hyperdirect" and "indirect" pathways. The EPN n (GPi n ) at the center increases thalamocortical activity via a disinhibitory mechanism and releases necessary movements. On the other hand, the EPN n−1 and EPN n+1 (GPi n−1 and GPi n+1 ) in the surrounding area inhibit thalamocortical activity and suppress unnecessary movements ("center-surround model" ; Mink 1996; Nambu 2007 ). The present study also suggests the convergent "local inhibitory and global excitatory" inputs from the cortex to the EPN (GPi) (Fig. 6A) . Suppose that Cx n−1 and Cx n+1 are simultaneously excited in addition to Cx n . The inhibition of EPN n (GPi n ) induced by the input from Cx n through the "direct" pathway is reduced by excitatory inputs from Cx n−1 and Cx n+1 through the "hyperdirect" and "indirect" pathways, and movements that should be released by EPN n (GPi n ) will be canceled or stopped (Aron and Poldrack 2006; Isoda and Hikosaka 2008; Sano et al. 2013; Schmidt et al. 2013) .
Therefore, the convergent (Fig. 6A ) and divergent ( Fig. 6B ) "local inhibitory and global excitatory" inputs from the cortex to the GP/EPN (GPe/GPi) may be the neuronal basis for proper information processing through the cortico-basal ganglia pathways, that is, releasing and canceling/stopping necessary information with appropriate timing, while suppressing other unnecessary information at the same time.
